The bacterial cellulose produced in an agitated culture (Ag-BC) showed the highest emulsion-stabilizing effect among the examined cellulosic materials. It was clarified that a mechanical barrier and a scaffolding structure composed of fine fibrils of bacterial cellulose interrupted the coalescence of oil droplets to stabilize the emulsion without reducing the interfacial tension as occurred with sorbitan monolaurate. Since Ag-BC consists of thinner fibrils and smaller floes than any other cellulosic material, Ag-BC would cover a larger surface area of the oil droplet as a mechanical barrier.
xanthan gum (Tokyo Kasei Kogyo Co., Tokyo, Japan). MCC, which is different from the colloidal type, was used in this paper unless otherwise specified because we attempted to compare the emulsion-stabilizing effect of the cellulosic materials themselves in pure form in order to avoid the effect of added CMC to disperse the MCC particles in water. 7 ) Vegetable oil (Nisshin Oil Mills, Tokyo, Japan) and kerosene (Nacalai Tesque) were used as oil phases, and distilled water as the water phase. In all the emulsions, the volumetric ratio of the aqueous phase to oil phase was 1 to 1.
BC was produced by Acetobacter xylinum subsp. sucroJermentans BPR2001 statically in a Roux flask or in a jar fermenter with agitation. The detailed culture conditions have been described elsewhere. 12 ,13) Under the static culture condition, BC (St -BC) is produced at the interface between the culture medium and air as a gelatinous membrane. On the other hand, under the agitated condition, BC (Ag-BC) is produced in the culture medium as particles in a well-dispersed suspension. After cultivation, both BCs obtained were soaked in a 0.1 N NaOH solution at 80°C for 20 min in order to remove the bacterial cells and other ingredients. The purified BCs were disintegrated with a homogenizer (Ace AM -8; Nihonseiki Kaisha, Tokyo, Japan) at 18,000 rpm for 1 min.
Preparation oJemulsions and measurement oj the emulsion stability index.
The required amount of a suspension of cellulosic material, surfactant or xanthan gum was weighed in a glass vial. The materials were dispersed with required water in a vial, Be and MFC not being dried before the dispersion. An oil phase was then added to each aqueous phase, and an emulsion was prepared with a homogenizer (Physcotron; Niti-on Medical & Physical Instruments Mfg. Co., Chiba, Japan) at 30,000 rpm for 1 min. The emulsion was stored in a glass vial at the required temperature (-20~120°C) for the required number of days (l~7 days).
In order to evaluate the emulsion-stabilizing effect, the leveling-off ratio of the amount of the emulsified phase to the total amount is defined as the emulsion stability index (ESI).
Observation of the emulsion. The emulsions and cellulosic materials were observed with a polarized light microscope (Axiophot; Carl Zeiss, Germany) and a scanning electron microscope (S-2250N; Hitachi, Tokyo, Japan). Replicas of the emulsions prepared by the freeze-fracturing method 9 ) were observed with a transmission electron microscope (JEM-1200EX II; lEOL, Tokyo, Japan).
Measurement of the inteljacial tension.
The interfacial tension between the aqueous suspension of Ag-BC and the vegetable oil was measured with a surface tension meter equipped with platinum ring (K12; Kriiss, Hamburg, Germany).
Results
Figure I shows time-course plots for the stability of emulsions containing vegetable oil as the oil phase and Ag-BC, St-BC, MCC, MFC, sorbitan monolaurate, or xanthan gum as the emulsion-stabilizing agent. In all cases except that with xanthan gum, the ratio of the emulsified phase decreased rapidly after initially emulsifying and stabilized after one or two days. Ag-BC and St-BC showed higher ESI (emulsion stability index, see Materials and Methods section) than MCC or MFC, Ag-BC showing the highest ESI among the cellulosic materials.
Ag-BC stabilized the emulsion regardless of any difference in the oil phase. There was no difference in ESI for Ag-BC between emulsions composed of vegetable oil or kerosene. However, the emulsion-stabilizing effect of xanthan gum was reduced when kerosene was used for the oil phase, ESIs for xanthan gum and Ag-BC being 43% and 86%, respectively. Figure 2 shows the relationship between the concentration of the emulsion-stabilizing agent and ESI. ESI for Ag-BC, St-BC, MFC, MCC, and xanthan gum increased up to 100 % with increasing concentration of the emulsionstabilizing agent. Ag-BC and xanthan gum had higher ESI at a low concentration (0.005-0.2% (wjv)) than any other
,..., A B 100 emulsion-stabilizing agent examined. ESI for sorbitan monolaurate stabilized at 60% despite any increase in concentration. Figure 3 shows the effects of salt, pH, and temperature on ESIs of Ag-BC, xanthan gum, and sorbitan monolaurate. ESI of Ag-BC was not affected by the addition of NaCI, change in pH or change in temperature in comparison with the results for xanthan gum and sorbitan monolaurate. The addition of NaCI reduced ESI ofxanthan gum and sorbitan monolaurate. With 0.05% Ag-BC, the emulsion was destroyed by a -20°C or 120°C treatment. However, with 0.50/0 of Ag-BC, the emulsion remained stable after each of these treatments. Sorbitan monolaurate (0.5%) did not stabilize the emulsion at pH 2 or after freezing at -20°C. Xanthan gum did not stabilize the emulsion after autoc1aving at 120°C for 20 min.
The emulsions containing cellulosic materials were observed with a polarized light microscope just after being emulsified, all of the emulsions being of the OjW type. 
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A: Effect of salt on the emulsion stability index (ESI). After adding NaCl (0.5-12.5%), the emulsion was stored for 5 days. The concentration of Ag-BC and xanthan gum were 0.05%, and that of sorbitan monolaurate was 0.5%. B: Effect of pH on ESI. The pH value was adjusted with HCl or NaOH to 2, 4, or 12. The concentrations of Ag-BC and xanthan gun were 0.05%, and that of sorbitan monolaurate was 0.5%. C: Effect of temperature on ESI. The emulsion was stored in a freezer (-20°C) or refrigerator (4OC) or in a dry oven (60 c ,C) fot' a day and then stored at room temperature for a day. The emulsion was autoc1aved at 120°C for 20 minutes and subsequently stored at room temperature for 24 h. Concentrations of Ag-BC, xanthan gum and sorbitan monolaurate were 0.5%. served in the emulsion. These results suggest that the Ag-BC fibrils were dispersed into small flocs or individual fibrils with the available resolution of the optical microscope.
The diameters of 100 oil droplets were measured on several micrographs. The arithmetic mean diameter of the oil droplets was estimated to be 34 j,lm in the emulsion stabilized by Ag-BC, while that in the emulsion by St-BC was 100 j,lm. It was impossible to measure the diameters of the oil droplets with MCC and MFC, because they rapidly coalesced with each other.
In order to analyze the mechanism for emulsion stabilization by cellulosic materials, the surface of an oil droplet was observed with a transmission electron microscope (Fig. 5) . Many individual Ag-BC fibrils were found to be adsorbed to the surface of the oil droplet. Many transverse sections of Ag-BC fibrils were also dispersed in the continuous aqueous phase. In the cases of all other emulsions containing other cellulosic materials, we could not detect any cellulosic fibril adsorbed to the surface and dispersed in the continuous phase.
The interfacial tension between the aqueous phase and the vegetable oil was measured in order to confirm whether Ag-BC and St-BC had surface activity to reduce interfacial tension as with conventional surfactants. BC hardly reduced the interfacial tension. In the presence of 0.05% BCs (Ag-BC or St-BC), the tension values were 25.38mN/m and 22.94mN/m, respectively, while the tension without BC and 26.25 mN/m. 
Discussion
It has been reported that Avicel (RC-591; FMC Corp., Philadelphia, U.S.A.) stabilized an emulsion. 9) Avicel consists of rod-shaped particles of colloidal microcrystalline cellulose (colloidal MCC) of 0.3 j,lm in width and contains 11 % of carboxymethyl cellulose (CMC) by weight. CMC is added to disperse particles of colloidal MCC in an aqueous suspension. It has been reported that individual rod-shaped particles of colloidal MCC were adsorbed to the surface of the oil droplet and formed a network. 9) On the basis of this result, it is concluded that the network of the Avicel colloidal MCC interrupted coalescence of the oil droplets as a mechanical barrier. 9) In the case of Ag-BC, it was observed by transmission electron microscopy that the fibrils of Ag-BC were adsorbed to the surface of the oil droplet and formed a network (Fig.  5) . It is considered that the network of fibrils of Ag-BC interrupted the coalescence of oil droplets as a mechanical barrier. Since Ag-BC had the highest emulsion-stabilizing effect among the examined cellulosic materials, the fibrils of Ag-BC would be likely to form a mechanical barrier.
We attempted to analyze the relationship between the morphology of the examined cellulosic materials and their emulsion-stabilizing effect. Figure 6 shows scanning electron micrographs of Ag-BC, St-BC, MCC, and MFC. The width of the fibrils was not influenced after emulsifying for any of the tested cellulosic materials.
Ag-BC, St-BC, and MFC each formed a reticulum consisting of fibrils. The reticula of BCs and MFC shown in Fig. 6 are thought to be different from the network that is adsorbed to the surface of an oil droplet (Fig. 5) , because the network on the surface must be composed of individual fibrils and flocs which might be disintegrated and separated from the reticulum during emulsification.
Ag-BC and St-BC were composed of the finest fibrils ofless than 0.1 j,lm in width. The width of particles of MCC ranged from 5 j,lm to 10 j,lm, being about fifty times as wide as those of particles of colloidal Avicel RC-591 MCC, and hundreds of times as wide as that of fibrils of BCs. The width of MFC fibrils ranged from 0.1 11m to 20 11m.
As just described, ESI increased with decreasing width of the fibrils of the cellulosic material. Therefore, thinner fibril are considered to form a stronger mechanical barrier.
The width (0.1 pm) of an Ag-BC fibril seems to be similar to that of an St-BC fibril (Fig. 6) . Nevertheless, Ag-BC had a higher emulsion-stabilizing effect than St-BC. The difference in the emulsion~stabilizing effect would depend on the size of the floc of fibrils shown in Fig. 4 . The size of the Ag-BC flocs is smaller to that of St-BC (Fig. 4) . Therefore, a stronger mechanical barrier seems to relate not only with thinner fibrils but also with smaller flocs. Figure 7 schematically illustrates the localization of fibrils of each cellulosic material on the surface of an oil droplet. Since Ag-BC consisted of thinner fibrils and smaller flocs than any other cellulosic material, Ag-BC could cover a greater surface area of the oil droplet as a mechanical barrier.
Various water-soluble polymers are popularly used as emulsifiers to stabilize an OfW emulsion and are recognized to interrupt the coalescence of oil droplets by adsorbing the surface like mechanical barrier of colloidal MCC, and trapping oil droplets in the scaffolding structure comprising polymer chains in the continuous aqueous phase. Xanthan gum seemed to stabilize the emulsion with an adsorbed layer on the surface of the oil droplet and the scaffolding structure of the continuous phase.
In the case of Ag-BC, many transverse sections of the fibril were observed in the continuous phase of water (Fig.   5 ). This result suggests that the fibrils of Ag-BC formed the scaffolding structure, which seems to contribute to the emulsion-stabilizing effect, in addition to the network on the surface of the oil droplet. This speculation is supported by an earlier work, in which it was thought that colloidal MCC particles in continuous phase of water contributed to stability of emulsion in addition to the mechanical barrier. 9) ESI of Ag-BC was not affected by the concentration of salt, pH value, or temperature, in comparison with xanthan gum or sorbitan monolaurate. On the other hand, the adsorbed layer to an oil droplet and the scaffolding structure of xanthan gum are supposed to be unstable because the conformation of xanthan gum has been altered easily by the concentration of salt or change in temperature.
14 )
The fibrils of Ag-BC are composed of crystalline cellulose such a structure is known to be not altered by change in pH and in temperature 15 ) and by concentration of salt range of our experiments in this report. Therefore, the emulsion-stabilizing effect of Ag-BC is considered to be stable against changes in pH and in temperature and concentration of salt.
Various surfactants are popularly used as an emulsifier to stabilize an OjW emulsion. Surfactants are known to reduce the interfacial tension between oil and water to stabilize an emulsion. It is generally known that the reduction of this tension diminishes with the addition of salt, or with change in pH and temperature. Since Ag-BC and St-BC did not reduce the interfacial tension and neither did MCC,9) the emulsion containing Ag-BC would be more stable than that of sorbitan monolaurate.
